RNA viruses possess the potential for rapid evolution and serve as excellent models to test evolutionary theory. Molecular phylogenetic analysis of the P gene for a large number of diverse natural isolates of vesicular stomatitis virus reveals no evidence for a molecular clock but instead shows a stepwise evolutionary pattern unlike that ever seen before. Each step out from the tree's ancestral root to terminal branch tips correlates not with time of virus isolation but with a south-to-north geographical progression from Panama to the United States. The grossly unequal rates of change within this single species imply an underlying mechanism at odds with the prevailing notion that neutral changes are the dominating feature of molecular evolution. This is also a demonstration of punctuated equilibrium at the molecular level.
ABSTRACT
RNA viruses possess the potential for rapid evolution and serve as excellent models to test evolutionary theory. Molecular phylogenetic analysis of the P gene for a large number of diverse natural isolates of vesicular stomatitis virus reveals no evidence for a molecular clock but instead shows a stepwise evolutionary pattern unlike that ever seen before. Each step out from the tree's ancestral root to terminal branch tips correlates not with time of virus isolation but with a south-to-north geographical progression from Panama to the United States. The grossly unequal rates of change within this single species imply an underlying mechanism at odds with the prevailing notion that neutral changes are the dominating feature of molecular evolution. This is also a demonstration of punctuated equilibrium at the molecular level.
The error-prone nature of genetic replication in RNA viruses, together with their short generation times and large population sizes, makes them excellent models to test molecular evolutionary theory. As RNA virus genetic replicative machinery is generally about a millionfold more error prone than that of organismal DNA, detailed analysis of RNA virus evolution over a 50-year period is essentially equivalent to study of an organismal system over a 50-million-year period (1) .
Vesicular stomatitis virus (VSV), a model RNA virus, has a genome of -11 kb, the complete nucleotide sequence of which has been determined for standard strains of both the New Jersey (NJ) and Indiana (IN) serotypes (2) . Like most, if not all, RNA viruses, VSV has the potential for rapid genome evolution, as the viral RNA polymerase synthesizes products with an error frequency of :1-20 x 10-4 (3). The virus can grow in a wide range of tissue culture cells. Infection cycles take less than 24 hr and result in approximately 104-to 105-fold virus amplification per host cell infected. Numerous diverse natural isolates of VSV are available, as VSV causes economically important disease outbreaks in cattle, horses, and swine throughout the Americas. Explosive unpredictable epizootics of the disease occur from Canada to Brazil. Enzootic disease in animals occurs in the regions of the southeastern United States, Mexico, Central America, and northern South America (2). In addition, human infections may be common in rural enzootic disease areas (4) . The availability of numerous diverse virus isolates provided the opportunity to analyze the molecular steps involved in the natural evolution ofthis model RNA virus and gain insights into the epizootiology of this vesicular disease.
The sequence encoding the virus polymerase-associated phosphoprotein (P) was chosen as the target for genome sequence comparison studies because it contains a hypervariable region thought to encode a spacer domain similar to other transcriptional activators (5) . This protein domain appears to be under relatively relaxed evolutionary constraint and can
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. accumulate significant variation in primary amino acid sequence which is reflected in considerable variability in the nucleotide sequence of the gene region encoding this domain. We report here that the nucleotide sequence of a 450-base fiagment of the genome (including the coding sequence for the hypervariable region) has been determined for 149 diverse VSV NJ isolates. ¶ Detailed phylogenetic analysis of the data set indicated an evolutionary pattern that has not, to our knowledge, been described previously.
MATERIALS AND METHODS
Virus Growth and RNA Preparation. Low-passage stocks of 149 VSV NJ isolates spanning a 50-year period and from throughout North and Central America (see Fig. 2 ITo whom reprint requests should be addressed.
lThe sequences discussed in this paper have been deposited in the GenBank data base (accession nos. L24962-L25041, M31863-M31880, K03387, M16608, M15121, J02428, S61075, X04063, X04718, X04196, and X04453).
primer at 50 pM, 3 units of reverse transcriptase, and 4 units of Taq DNA polymerase. The PCR profile was 41°C for 1 hr, followed by 40 cycles of 93°C for 1.5 min, 50°C for 2 min, and 72°C for 3 min (first 20 cycles) or 4 min (last 20 cycles). The resulting DNA product was fractionated on 0.8% agarose gels, and the 642-bp fragment was excised from the gel and purified with Geneclean (Bio 101) according to the manufacturer's instructions, prior to sequence analysis. The nucleotide sequences of all of the oligonucleotide primers utilized and all the partial P gene sequences generated in this study are available from the senior author. The previously published sequences of the three VSV IN isolates, San Juan, ../56NMB (8) , Glasgow, ../42COB (9) , and Mudd-Summers strain (10) , and the more distantly related vesiculovirus Chandipura virus (11) were also included in the analysis.
Phylogenetic Analysis. VSV NJ, VSV IN, and Chandipura virus P gene fragment sequences were aligned, using the GENALIGN program of the IntelliGenetics package. Phylogenetic analysis was performed using the latest version of the ANCSTR program of Fitch (12) .
RESULTS AND DISCUSSION
The complete nucleotide sequence of the P gene region (bases 272-721) of all 149 VSV NJ isolates was determined. Up to 25% sequence variation was seen among these isolates.
A maximum parsimony analysis of the nucleotide sequence differences was performed by using the ANCSTR program (12) . Due to the importance of correctly rooting the analysis, the sequences of the equivalent genome area of 10 VSV IN isolates from diverse geographical regions and of the more distantly related vesiculovirus Chandipura virus were used as successive outgroup roots. VSV IN is the virus group most closely related to VSV NJ and should serve as an excellent outgroup root. All 10 VSV IN sequences were utilized so as not to introduce any inherent geographical bias to the resulting root (see Materials and Methods). That the resulting analysis (see below) did not seek out the longest branch as the root of the tree further increases the confidence that the correct root was selected by the analysis. Fig. 1 shows the summary of the overall structure of the predicted most parsimonious tree for the 149 VSV NJ isolates. Neutral mutation theory (13) would generally predict a tree structure with older isolates located'close to the root of the tree and more recent isolates close to the branch tips. In addition, branch lengths would not be expected to vary greatly in length. However, the most striking feature of the VSV NJ tree is the stepwise relationship of the viruses, with steps corresponding to increasingly northern geographical origin of the viruses-i.e., progression from the predicted VSV NJ ancestral node, outward towards the branch tips, correlates with a south to north trend from Panama to the United States. The lack of correlation with year of virus isolation can be seen on analysis of the more detailed sections of the tree displayed in Fig. 2 . For instance, all isolates from Panama and Costa Rica are close to the ancestral root (Fig. 2C) , whereas all isolates from the southeastern United States are in a terminal branch ( Fig. 2A) . This is also shown diagramatically in Fig. 3 . The absence of a reliable molecular clock is further highlighted by the discontinuities in the spectrum of virus genetic variability (e.g., long branch length between North and Central American isolates). Indeed, the branch length discontinuities are suggestive ofpunctuated equilibrium. In addition, despite the extensive overall genetic diversity, several specific examples of genetic stasis can be seen. For instance, only 2 nucleotide substitutions exist among the 27 viruses isolated over a 7-year period from wild pigs and sandflies on Ossabaw Island, Georgia, a VSV enzootic focus (14) . Remarkably, 23 of the viruses have identical P gene fragment nucleotide sequences (see * branch in Fig. 2A (1) . However, once established in the new environment, due to the difficulty of progressing from one fitness peak to another on the potential virus fitness landscape, the most fit virus quasispecies would continue to predominate if the environmental conditions remained relatively constant, resulting once more in relative genetic stasis. Several cycles of this rapid evolution during adaptive radiation followed by genetic stability once firmly established in a particular ecological zone would provide the linear virus phylogenetic relationship, and the variable rates of evolution and resulting punctuated equilibrium observed. The punctuated character cannot be explained by any heterogeneity ofgeographic sampling because the geographical breaks in the sampling do not correspond to the long lineages of the phylogeny.
The potential selective forces acting on virus populations when introduced into novel geographic environments remain to be determined. However, different geographic areas are likely to have different ecological factors exerting altered selective pressures on the virus. One such pressure could be adaptation to different insect vector hosts. Insects are thought to play an important role in the maintenance and transmission of VSV. Phlebotomine sandflies have been shown to vertically transmit the virus, transovarially from mother to offspring (VSV NJ in Lutzomyia shannoi and VSV IN in Lutzomyia trapidoi and Lutzomyia ylephiletrix) (17, 18) . VSV replication and bite transmission have also been demonstrated for blackflies (Simulium vittatum) and mosquitoes (Aedes aegypti) (19, 20) . VSV has also been isolated from numerous other insect species (21) . There is great diversity in potential insect hosts in the numerous ecological zones throughout the range of VSV disease activity. It is possible that each of the different VSV NJ lineages corresponds with different ecological zones and primary insect vectors. Consistent with this are our preliminary findings indicating that, of the two main VSV NJ lineages in Costa Rica (Fig. 2C, upper and lower branches from the root), one is located in a highland ecological zone and the other in a lowland zone, each with quite distinct sandfly and blackfly populations (S.T.N. and L. L. Rodriguez, unpublished data).
Host cattle differences are less likely to be important. Indeed, a statistical analysis of the influence of cattle breed on VSV NJ disease activity distribution in Costa Rica found no evidence that breed differences influence the disease process (22) . With other RNA viruses, such as human influenza A viruses, the mammalian host immune system is a strong positive selective force driving virus evolution. These viruses undergo positive Darwinian evolution due to sequential immune selection (23 (26) . Indeed, this analysis, although with fewer virus samples, predicts an evolutionary pattern for VSV IN which is remarkably similar to that predicted for VSV NJ (data not shown).
This explanation of the data based on positive Darwinian evolution is inconsistent with the currently prevailing neutral mutation theory of molecular evolution (13) . The accumulation of many more synonymous than nonsynonymous nucleotide substitutions during the evolution of organisms has provided the primary evidence supporting the neutral theory. However, a greater number of nonsynonymous than synonymous substitutions have recently been observed in the human influenza A antigenic site example quoted above (23) and in the antigen recognition site of the major histocompatibility complex class I and II molecules of mice and humans (27) . Evidence of positive selection also exists for the avian ovomucoids (28) and lysozyme in artiodactyl ruminants and langurs (29) . In contrast, our analysis shows 64% of the nucleotide substitutions observed between the VSV isolates to be synonymous substitutions. At first glance this would appear to support an explanation based on neutral theory, much in the same manner as proposed by Saitou and Nei (30) , Gojobori et al. (31) , and Sugita et al. (32) . However, this explanation is problematic due to the discrepancy in the rates of virus evolution. One would have to hypothesize that the extent of neutral (or near neutral) positions in the genome varies considerably during the evolution of the virus. But as the evolutionary pattern is stepwise and dominated by geography, then the hypothesized variation in extent of neutrality must also be linked to geography. If so, it is difficult to escape the notion that some selective process beyond simple purifying selection is operating. In addition, neutral mutation theory appears inconsistent with the genetic stasis of VSV during serial passage in tissue culture (15) . Perhaps neutral mutation theory is not as universally applicable as is commonly believed. For instance, it may not apply under conditions of RNA virus replication, which can include high polymerase error rates, large population sizes, short generation times, and highly competitive environments.
The two most extensively studied RNA viruses, VSV and human influenza A virus, both appear to undergo positive Darwinian evolution despite different selective pressures and evolutionary patterns. The life cycles of many viruses have features in common with those of these viruses-e.g., high polymerase error rates and rapidly replicating competing pools of viral nucleic acid templates. Perhaps selection dominates the evolutionary pattern of most RNA, and many DNA, viruses.
